Eaton DC, Gumz ML. Inhibition of ␣ENaC expression and ENaC activity following blockade of the circadian clock-regulatory kinases CK1␦/ε. Am J Physiol Renal Physiol 303: F918 -F927, 2012. First published July 25, 2012 doi:10.1152/ajprenal.00678.2011.-Increasing evidence suggests that the circadian clock plays an important role in the control of renal function and blood pressure. We previously showed that the circadian clock protein Period (Per)1, positively regulates the expression of the rate limiting subunit of the renal epithelial sodium channel (␣ENaC), which contributes to blood pressure regulation. Casein kinases 1␦ and 1ε (CK1␦/ε) are critical regulators of clock proteins. CK1␦/ε must phosphorylate the circadian clock protein Per1 in order for the latter to enter the nucleus. We used a commercially available CK1␦/ε inhibitor, PF670462, to test the effect of CK1␦/ε blockade and inhibited Per1 nuclear entry on ␣ENaC in a model of the renal cortical collecting duct (mpkCCD c14 cells). CK1␦/ε blockade prevented Per1 and Clock from interacting with an E-box from the ␣ENaC promoter. CK1␦/ε inhibition reduced ␣ENaC mRNA levels by Ͻ60%. A similar decrease in ␣ENaC mRNA was observed following siRNA-mediated CK1␦/ε knock-down. Inhibition of CK1␦/ε effectively prevented the transcriptional response of ␣ENaC to aldosterone, suggesting an interaction between the circadian clock and aldosterone-mediated regulation of ␣ENaC. CK1␦/ε inhibition significantly reduced ␣ENaC but increased Caveolin-1 membrane protein levels; transepithelial current, a measure of ENaC activity, was decreased. Importantly, single channel analysis in amphibian renal cells demonstrated a dramatic decrease in the number of patches with observable ENaC current following CK1␦/ε inhibition. The present study shows for the first time that CK1␦/ε inhibition and impaired Per1 nuclear entry results in decreased ␣ENaC expression and ENaC activity, providing further support for direct control of ENaC by the circadian clock.
(Per), Cryptochrome (Cry), Bmal1, and Clock. Period and Cryptochrome each have homologs (Per1-3 and Cry1-2). Clock and Bmal1 form a dimer that interacts with E-boxes to transcriptionally regulate clock controlled genes. Per and Cry likely dimerize and interact with Clock and Bmal1 to repress transcriptional activity. This creates a negative feedback loop mechanism wherein Bmal1/Clock activate clock controlled genes and Per-Cry repress Bmal1/Clock activity (4, 5, 14, 47) . It is becoming increasingly apparent that, outside of the core clock mechanism, Per1 may act as an activator of gene expression, perhaps in a tissue and gene-specific manner (11, 19, 20) .
Accumulating evidence supports an important role for the core clock proteins in the control of blood pressure and renal function. Zuber et al. (48) linked the loss of Clock with hypotension, dysregulated sodium excretion, and partial diabetes insipidus. Doi et al. (16) showed that Cry1/Cry2 knockout animals exhibit salt-sensitive hypertension. This phenotype was due to greater aldosterone production because of increased expression of 3-beta dehydrogenase-isomerase, an enzyme in the aldosterone synthesis pathway (16) . We previously demonstrated that Per1 regulates both basal and aldosterone-mediated regulation of ␣ENaC, the rate-limiting subunit of the epithelial sodium channel (ENaC) (20, 29) . We later showed that this regulation is via Per1-mediated transcriptional activation of the ␣ENaC promoter (19) .
The circadian clock undergoes posttranslational modifications through the phosphorylation of the Per proteins by Casein kinase 1 isoforms ␦/ε (CK1␦/ε) and dephosphorylation by protein phosphatase 1 (PP1). CK1␦/ε phosphorylates the Per proteins, allowing them to enter the nucleus; PP1 removes this phosphorylation, preventing nuclear entry (17, 18, 21, 24) . This creates a balance between activation and deactivation of the Per proteins and thus regulates the circadian negative feedback loop via control of Per protein phosphorylation state (17, 18, 21) . The availability of CK1␦/ε inhibitors makes it possible to study the mechanisms of the circadian clock via pharmacological manipulation. Indeed, treatment with the CK1␦/ε inhibitor PF670462 caused a phase shift delay in rats under entrained and free-running conditions, and, importantly, PF670462 inhibited Per protein nuclear entry (7) . PF670462 has exhibited less broad spectrum effects, such as apoptosis and cell cycle arrest, than other CK1␦/ε inhibitors (12) . Thus PF670462 is a unique tool for elucidating circadian clock mechanisms. In the present study we used PF670462 to evaluate the effects of CK1␦/ε inhibition and the subsequent inhibition of Per1 nuclear entry, on ␣ENaC expression and transepithelial current in mpkCCD c14 cells (a model of the renal cortical collecting duct). Importantly, single channel recordings made in amphibian kidney cells demonstrate that CK1␦/ε inhibition also markedly affects ENaC activity.
MATERIAL AND METHODS
Cell culture. Alain Vandewalle (INSERM, Paris, France) graciously provided the mpkCCD c14 cells (8) . Cells were maintained in DMEM-F12 plus 10% FBS (Invitrogen) and 50 g/ml gentamicin (Sigma). For inhibitor experiments, 6 ϫ 10 5 cells were plated in each well of a six-well Corning Costar Transwell dish (24 mm 0.4 m pore polyester membranes insert). Twenty-four hours after cells reached 100% confluence, cells were treated with 10 M PF670462 (Santa Cruz) or vehicle (DMSO) for 72 h. For time course experiments, cells were treated with 0.1, 1, 10, 100 M, DMSO, or untreated for 24, 48, and 72 h, respectively. Final DMSO concentration in both vehicleand inhibitor-treated cells was 0.1%. Aldosterone treatments were performed as described previously (19) .
RNA isolation and QPCR. Total RNA was isolated using TRIzol (Invitrogen) according to the manufacturer's instructions. RNA samples (10 g) were treated with DNA-free DNaseI (Ambion). DNaseItreated RNA (2 g) samples were used as template for reverse transcription with Superscript III (Invitrogen). The resulting cDNAs (20 ng) were then used as template in quantitative real-time PCR (QPCR) reactions (Applied Biosystems) to evaluate changes in ␣ENaC, ET-1, and Fxyd5 mRNA levels. Cycle threshold (Ct) values were normalized against ␤-actin and relative quantification was performed using the ⌬⌬Ct method (26) . Fold change values were calculated as the change in mRNA expression levels relative to the vehicle-treated control. TaqMan primer/probe sets were purchased from Applied Biosystems.
DNA affinity purification assay. Experiment was performed as described previously (41) . Nuclear extracts were isolated from mpkCCD c14 cells treated with vehicle or PF670462 for 72 h using the NE-PER kit (Pierce) according to the manufacturer's instructions. Single-stranded, biotinylated probes were ordered from GenoSys. Once annealed, the double-stranded DNA affinity purification assay (DAPA) probe was incubated with 175 g of nuclear extract in the presence of Streptavidin agarose beads (Sigma). The sequence of the DAPA probe was 5= tggtgggggccagcaggtgcttcccagttt.
RNA silencing. SMARTpool siRNA for CK1␦, CK1ε, and NonTarget was purchased from Dharmacon (Cat. #L-044377-00-0005, L-040108-00-0005, and D-001206- [14] [15] [16] [17] [18] [19] [20] and used according to the manufacturer's instructions. The mpkCCDc14 cells were transfected using Dharmafect 4, as described previously (19, 20) .
Protein isolation. Nuclear and cytosolic extracts were isolated with the NE-PER kit (Pierce) according to the manufacturer's instructions. Membrane proteins were isolated by differential centrifugation with sucrose gradients. We collected mpkCCDc14 cells by scraping in ice-cold PBS and centrifuging at 3,000 g for 10 min. Cells were resuspended in sucrose buffer A (10 mM Tris, 1 mM EDTA, 50 mM sucrose) and homogenized. An equal volume of sucrose buffer B (10 mM Tris, 1 mM EDTA, 250 mM sucrose) was added, followed by additional homogenization. Nuclei were pelleted at 1,000 g for 10 min and then discarded. Organelles were pelleted at 10,000 g for 20 min and then discarded. Supernatants were centrifuged at Ͼ60,000 g for 18 h. Membrane protein pellets were resuspended in 50 l of sucrose buffer B and phosphatase and protease inhibitors. Protein concentrations were then quantified by BCA assay (Pierce).
Western blot analysis. Proteins were separated on a 4 -20% Tris·HCl Ready Gel (Bio-Rad) and transferred to a PVDF membrane. The membrane was blocked in 2% Rodeo Blocker in TBS-S (TBS plus 0.05% Rodeo Saddle Soap) (USB) and incubated overnight at 4°C with anti-␣ENaC (1:1,000; generous gift of Dr. Carolyn Ecelbarger, Georgetown University, Washington, DC), anti-Caveolin-1 (1:1,000, Santa Cruz), or anti-actin (1:500, Santa Cruz). Actin is often associated with the plasma membrane fraction of cells and was used as a loading control (15) . The membrane was washed with 2% Rodeo Blocker in TBS-S for 15 min and then incubated with horseradish peroxidase conjugate anti-rabbit secondary antibody and incubated in 2% Rodeo Blocker in TBS-S for 1 h at 4°C. After incubation, the blot was washed with TBS-S for 15 min. Detection was performed with Rodeo ECL detection reagents. Densitometry was performed using ImageJ (http://rsbweb.nih.gov/ij).
Transepithelial current analysis. The mpkCCDc14 cells used in these experiments were cultured as described (8) . The cells were plated in six-well (24 mm) polyester Transwell permeable supports (Corning) and allowed to grow several days past confluence. Transepithelial voltage (Vte) and resistance (Rte) were measured with chop-stick electrodes (EVOM, World Precision Instruments) preceding treatment and at 1, 24, 48, and 72 h after treatment with vehicle (0.1% DMSO or water) or 10 M PF670462. In some experiments, these parameters were also measured before and after a 10 min exposure to 10 M amiloride on the apical side of the inserts. Transepithelial current (Ite) was calculated using Ohm's law, Ite ϭ Vte/Rte, and corrected for surface area of the well. Single channel recordings. For cell-attached patch clamp experiments, A6 cells (subclone 2F3; passages 96 -106) were grown on rings as previously described (28) . The cells were treated with vehicle (0.1% DMSO or water) or 10 M PF670462 for 72 h prior to single channel recordings. Glass electrodes (TW-150F, World Precision Instruments) were pulled on a two-stage vertical glass puller to achieve resistances of 5-10 M⍀ in patch solution (96 mM NaCl, 3.4 mM KCl, 0.8 mM CaCl 2, 0.8 mM MgCl2, and 10 mM HEPES titrated to a pH of 7.4 with NaOH). For patch experiments, A6 cell medium was replaced with patch solution, and gigaohm seals were made on individual cells. Single channels recordings were made (5-10 min) with patch clamp amplifiers (Dagan PC-One and Axopatch 200B) with a low-pass 3-pole Bessel filter of 1 kHz and digitized (Digidata 1440a and pCLAMP10, Axon Instruments) at a sampling frequency of 5 kHz and digitally filtered at 30 Hz. The recording period was ϳ5-10 min. Channel density (N) was calculated as the number of individual current levels that occurred during the recording period. The pCLAMP 10 software program calculated the NP o using the equation:
T where i denotes the number of open channels, ti the time the channels are open, and T the total recording time. Channel open probability (Po) was calculated as the ratio of NPo/N using only those patches with observable channel currents. Only patches with less than or equal to eight observable channels were included in the analysis due to constraints of the analysis software.
Statistical analysis. Student's unpaired t-test (Microsoft Excel) was used to compare two data sets. A two-way ANOVA (SigmaStat) was used to evaluate the four groups of QPCR in Fig. 6 . Data are presented as means Ϯ SE. P values Ͻ 0.05 were considered significant. Data analysis was performed, and graphs were generated for transepithelial current experiments and single channel recordings using SigmaPlot 12 (SysStat). Data are presented as means Ϯ SE. Differences in the percentage of patches with channels were assessed with z-test. Since the data were not normally distributed, differences in N, P o, and NPo were determined with a Mann-Whitney rank sum test.
RESULTS

Inhibition of CK1␦/ inhibits Per1 nuclear entry.
We have previously shown that an ϳ50 kDa Per1 fragment interacts with an E-box response element from the Scnn1a promoter (19) . Others have observed this lower-molecular-weight Per1 in tissue nuclear extracts (13) . Per1 must be phosphorylated by the circadian regulatory casein kinases CK1␦/ε to enter the nucleus (17, 18, 21) . PF670462, a pharmacological inhibitor of CK1␦/ε, has been shown to inhibit Per protein nuclear entry with an EC50 of 290 nM (7) . For this reason, we evaluated the effect of PF670462 on ␣ENaC expression in mpkCCD c14 cells in a dose response and time course experiment (Fig. 1) . As shown, a 72 h treatment with 10 M PF670462 showed the greatest inhibition of ␣ENaC expression and thus was used for subsequent experiments. This result is consistent with our previous work showing that 72 h of treatment with 10 M PF670462 was optimal for affecting expression of the Per1 target gene endothelin-1 (42) . We tested the effect of this PF670462 treatment on Per1 nuclear entry (Fig. 2) . For the first time we show that the ϳ50 kDa Per1 fragment was only detected in the nucleus in control cells, compared with the full-length Per1 protein, which was detected in the cytosol and the nucleus (Fig. 2A) . PF670462 treatment resulted in a clear decrease in nuclear Per1 levels. Densitometric analysis of these data demonstrated that levels of nuclear Per1 were reduced by Ͼ80% (Fig. 2B) .
Inhibition of CK1␦/ prevents Per1 interacting with Scnn1a E-box. Previously, we detected Per1, presumably in complex with the Clock protein, at an E-box at position Ϫ689 relative to the transcription start site in the Scnn1a (␣ENaC gene) promoter (19) . A DAPA was performed with nuclear extracts from mpkCCD c14 cells treated with vehicle (DMSO) or PF670462 for 72 h. Compared with vehicle, CK1␦/ε inhibition greatly diminished both Per1 and Clock protein interaction with the E-box sequence (Fig. 3) , providing evidence that CK1␦/ε inhibition prevents Per1 from interacting with the ␣ENaC E-box.
Inhibition of CK1␦/ reduces basal Scnn1a and Fxyd5 expression. We showed previously that Per1 induces ␣ENaC transcription, the rate-limiting subunit of ENaC (19) . To determine the effect of CK1␦/ε inhibition on Scnn1a expression, mRNA levels were measured by QPCR. Following CK1␦/ε inhibition, Scnn1a mRNA levels decreased 60% compared with vehicle (DMSO) (Fig. 4A) . We previously identified Fxyd5 as a Per1 target gene (42) . Fxyd5 is known to induce Na ϩ ,K ϩ -ATPase activity (27) . To determine if CK1␦/ε inhibition also affected this independent Per1 target, Fxyd5 expression was analyzed following PF670462 treatment. Fxyd5 mRNA levels decreased 50% compared with vehicle (Fig. 4B) . We investigated the effect of CK1␦/ε inhibition on ␤ENaC and ␥ENaC mRNA levels as well. As shown in Fig. 4 , C and D, CK1␦/ε inhibition did not appear to alter mRNA expression of the ␤ and ␥ENaC subunits. To rule out cytotoxic effects of PF670462, we examined actin Ct values as an indicator of cell viability with the real-time QPCR data described in Fig. 4 . The average Ct value is 18.8 Ϯ 0.1 for vehicle-treated cells and 18.4 Ϯ 0.3 for PF670462-treated cells (P ϭ 0.4, n ϭ 6 -12). RNA silencing was used to inhibit CK1␦/ε by an alternative method (Fig. 5) . The results indicate that knock-down of CK1␦ and CK1ε using siRNA caused similar decreases in ␣ENaC and Fxyd5 mRNA levels as what we observed with pharmacological inhibition of CK1␦/ε. Knock-down of CK1␦/ε with siRNA led to a 73% decrease in CK1␦ mRNA and a 78% decrease in CK1ε mRNA (Fig. 5, A and B, respectively) . Levels of ␣ENaC mRNA were decreased by 70%, and Fxyd5 mRNA levels were decreased by 59% following siRNA-mediated knock-down of CK1␦/ε (Fig. 5, C and D, respectively) . To ensure that there was not an effect of DMSO as a vehicle in the pharmacological inhibitor studies shown in Fig. 4 , we compared ␣ENaC mRNA expression in DMSO-treated cells to nontarget siRNA transfected cells. The results of this comparison demonstrate that there was not a detectable difference in ␣ENaC mRNA levels in the control conditions for the experiments described in Figs this reduction in aldosterone response, ␣ENaC mRNA levels were analyzed by QPCR in the presence of aldosterone and CK1␦/ε inhibitor (Fig. 6 ). As expected, ␣ENaC mRNA levels increased sixfold in response to aldosterone alone. Consistent with the results shown in Fig. 4 , ␣ENaC mRNA decreased upon treatment with the CK1␦/ε inhibitor. Moreover, CK1␦/ε inhibition reduced the aldosterone response from sixfold to 1.5-fold, showing that, just as with Per1 knock-down by siRNA, CK1␦/ε inhibition inhibits the aldosterone response (Fig. 6) . As a control, Fxyd5 mRNA was measured. Fxyd5 mRNA, as shown in Fig. 4B , decreased upon CK1␦/ε inhibition but did not significantly change with aldosterone treatment (data not shown). This result is consistent with what is known about CHIF, another Fxyd family member, that is not aldosterone responsive in the kidney (44) .
Inhibition of CK1␦/ reduces ␣ENaC protein levels and increases Caveolin-1 protein levels in plasma membrane of mpkCCD c14 cells.
To test whether the effect of CK1␦/ε inhibition on ␣ENaC expression extended to the level of protein, plasma membrane fractions were isolated from mpkCCD c14 cells treated with DMSO (vehicle) or CK1␦/ε inhibitor in the presence of aldosterone. Western blot analysis was performed to measure changes in ␣ENaC protein. In addition, levels of Caveolin-1, a lipid raft protein that inhibits ENaC via changes in membrane recycling (25) , were measured. Caveolin-1 was recently identified as a Per1 target gene (42) . Cells treated with CK1␦/ε inhibitor showed a 60% decrease in ␣ENaC protein levels (Fig. 7A ) and a 40% increase in Caveolin-1 levels ( transepithelial current, which probably represents an effect of the kinases on the channel itself (see Ref. 46) , and this effect was sustained out to 72 h. The vehicle, DMSO, caused an increase in transepithelial voltage by 24 h, an effect not seen when water was used as the vehicle control (Fig. 9B) . To determine if the differences in transepithelial current reflected a change in ENaC activity, we next measured transepithelial current in mpkCCD c14 cells before and after treatment with amiloride. As shown in Fig. 10 , amiloride-sensitive current was significantly less in PF670462 treated compared with vehicle-treated cells at both 24 and 72 h following treatment.
CK1␦/ inhibition greatly reduces the number of cell-attached patches with observable ENaC activity in A6 cells.
To determine if CK1␦/ε inhibition affects ENaC activity, single channel recordings were made in amphibian kidney A6 cells (clone 2F3). ENaC activity is readily measurable in this wellcharacterized cell line (45) . A representative single channel recording is shown in Fig. 11A . Compared with vehicle, CK1␦/ε inhibition reduced the number of patches with observable channel activity by 55% (Table 1) . Despite this reduction in the number of patches with observable activity, the NP o , N, and P o (Fig. 11, B-D, respectively) were not different between the vehicle and PF670462 groups in patches that had observable channel current transitions.
We suspected that the reason we could detect no activity in some patches was because there were no channel proteins in the isolated patches (N equals zero) rather than that there were channel proteins, but that the channels never opened (P o equal to zero). To confirm this, we examined the distribution of the number of channels per patch (Fig. 12) . In vehicle-treated cells, channels were distributed independently ( 2 -test suggested a probability Ͼ0.97 that the channels were independently inserted in the membrane), and the distribution could be fit by a normal distribution with 2.2 Ϯ 0.79 channels per patch. For inhibitor-treated cells, the distribution shifts to strongly favor patches with no measurable channels even though when there are channels in the patches the distribution is similar to untreated cells. Therefore, we conclude that patches with no activity have no channel proteins, and we feel that it is reasonable to calculate NP o , N, and P o only for patches with observable activity as shown in Fig. 11 . 
DISCUSSION
The purpose of this study was to utilize pharmacological modulation to explore the role of the circadian clock in the regulation of ENaC. To this end, we determined the effect of inhibition of the circadian regulatory kinases, CK1␦/ε, on ␣ENaC mRNA, protein expression, and ENaC activity. DAPA showed that CK1␦/ε inhibition prevented Per1 and Clock from interacting with the target E-box in the Scnn1a promoter. CK1␦/ε inhibition reduced ␣ENaC mRNA and plasma membrane protein levels significantly. Moreover, CK1␦/ε inhibition repressed the aldosterone-induced response of ␣ENaC expression. Importantly, we show for the first time that inhibition of CK1␦/ε resulted in decreased amiloride-sensitive transepithelial current in mpkCCD c14 cells and significantly fewer patches with observable ENaC activity found in 2F3 A6 cells.
Our results provide evidence that CK1␦/ε promotes transcription and translation of ␣ENaC through regulation of Per1 nuclear translocation. These data are consistent with our previous observations that Per1 appears to positively regulate ␣ENaC expression (19, 20) . The same result has been observed for the action of Per1 on prolactin mRNA expression (11) . The present study demonstrates a role for Per1 in the positive regulation of ␣ENaC, a result that is also in line with our recent finding that plasma membrane levels of ␣ENaC are reduced following siRNA-mediated knock-down of Per1 in mpkCCD c14 cells (42) . We also showed that mice lacking functional Per1 exhibit significantly reduced blood pressure compared with wild-type mice. It remains to be determined if reduced ENaC activity in the absence of Per1 in vivo contributes to the blood pressure phenotype observed in Per1 knockout mice. Together these data support a role for Per1 in transcriptional activation, perhaps in a gene-and tissue-specific manner. It should be noted that CK1 and CK2 directly modulate ENaC already present at the plasma membrane. CK2 directly phosphorylated the COOH terminus of the beta and gamma subunits (36) . CK2 phosphorylation of these subunits positively regulates ENaC activity through inhibition of the Nedd4-2 pathway (6). CK1␦ also positively regulates human ␣ENaC via enhancing intracellular trafficking and biosynthesis (46) . Thus, in addition to increasing synthesis of ␣ENaC via Per1-mediated upregulation, these enzymes phosphorylate membrane-bound ENaC, thereby reducing channel retrieval and degradation. These coordinated actions of CK1 and CK2 on ENaC expression and localization would likely promote sodium reabsorption. In the context of our results, the decrease in ENaC activity produced by inhibition of CK1 ␦/ε most likely occurs as a combination of transcriptional repression of ␣ENaC via a Per1-dependent mechanism and enhanced internalization and degradation via less ␣ENaC phosphorylation by CK1␦/ε. Future studies are needed to address the effect of time on these observations. As previously mentioned, CK1␦/ε inhibition impairs the circadian clock through induction of phase delays in rats under free running conditions (7) . Cynomolgus monkeys also display a similar phase delay (39), and time of dosing affects the phase shifting (38) . In addition to this role in regulation of the circadian clock, CKs (1 and 2 specifically) have been targeted as possible anticancer and antiviral drugs. CK1␦/ε inhibition resulted in apoptosis of cancer cells (12) . CK2 is constitutively active, highly expressed in cancerous cells (3, 9) , vital for cell proliferation (32) , and plays a role in viral infections (34) . One CK2 inhibitor used in the treatment of cervical cancer provided positive results (clinical trial CIGB-300) (33, 37) . Interestingly, it was recently shown that ENaC and the acid sensing ion channel ASIC1 form hybrid channels in a human cell model of glioblastoma and that knock-down of these channels inhibits cell migration (22, 23) . Whether or not this effect involves CK1 or CK2 dysregulation is unknown. Together with the present study, these data suggest that inhibition of CK1␦/ε may be advantageous in disease states.
In summary, the results of the present study provide pharmacological evidence for the regulation of ␣ENaC expression and ENaC activity by the circadian clock. Importantly, we demonstrated for the first time that inhibiting the circadian regulatory kinases CK1␦/ε and subsequent Per1 nuclear entry decreases the number of patches with observable ENaC current. Together with our previous findings (19, 20) , these results support a critical role for the circadian clock in the regulation of ENaC. Given the importance of ENaC in sodium homeostasis, these findings may have important implications for blood pressure control. 
